Despite the enormous ecological and economic importance of coral reefs, the keystone organisms in their establishment, the scleractinian corals, increasingly face a range of anthropogenic challenges including ocean acidification and seawater temperature rise [1] [2] [3] [4] . To understand better the molecular mechanisms underlying coral biology, here we decoded the approximately 420-megabase genome of Acropora digitifera using next-generation sequencing technology. This genome contains approximately 23,700 gene models. Molecular phylogenetics indicate that the coral and the sea anemone Nematostella vectensis diverged approximately 500 million years ago, considerably earlier than the time over which modern corals are represented in the fossil record ( 240 million years ago) 5
. To understand better the molecular mechanisms underlying coral biology, here we decoded the approximately 420-megabase genome of Acropora digitifera using next-generation sequencing technology. This genome contains approximately 23,700 gene models. Molecular phylogenetics indicate that the coral and the sea anemone Nematostella vectensis diverged approximately 500 million years ago, considerably earlier than the time over which modern corals are represented in the fossil record ( 240 million years ago) 5 . Despite the long evolutionary history of the endosymbiosis, no evidence was found for horizontal transfer of genes from symbiont to host. However, unlike several other corals, Acropora seems to lack an enzyme essential for cysteine biosynthesis, implying dependency of this coral on its symbionts for this amino acid. Corals inhabit environments where they are frequently exposed to high levels of solar radiation, and analysis of the Acropora genome data indicates that the coral host can independently carry out de novo synthesis of mycosporine-like amino acids, which are potent ultraviolet-protective compounds. In addition, the coral innate immunity repertoire is notably more complex than that of the sea anemone, indicating that some of these genes may have roles in symbiosis or coloniality. A number of genes with putative roles in calcification were identified, and several of these are restricted to corals. The coral genome provides a platform for understanding the molecular basis of symbiosis and responses to environmental changes.
Coral reefs are estimated to harbour around one third of all described marine species 6 , and their productivity supports around one quarter of marine fisheries, but declines in coral abundance and wholesale loss of reef habitats are one of the most pressing environmental issues of our time. The major architects of coral reefs, the scleractinian corals, are anthozoan cnidarians that form obligate endosymbioses with photosynthetic dinoflagellates of the genus Symbiodinium (Fig. 1b) . The symbionts confer on the coral holobiont the ability to fix CO 2 and to deposit the massive aragonite (a form of calcium carbonate) skeletons that distinguish reef-building corals from other anthozoans such as sea anemones. The association is fragile, however, and collapses under stress. Despite the ecological and economic significance of corals, the molecular mechanisms underlying much of coral biology-including stress responses and disease-remain unclear, but it is clear that corals retain much of the complex gene repertoire of the ancestral metazoan 7 .
To address the lack of molecular data for reef-building corals, we determined the whole-genome sequence of A. digitifera (Fig. 1a-h ), a dominant species on Okinawan reefs. Not only are Acropora species the dominant reef-building corals of the Indo-Pacific, but they are also among the most sensitive of corals to increased seawater temperatures 8 . On the basis of flow cytometry, the A. digitifera genome is approximately 420 Mbp ( Supplementary Figs 1 and 2 ) and is therefore similar in size to that of the sea anemone Nematostella 9 . Sperm from a single colony served as the source of DNA for sequencing using a combination of Roche 454 GS-FLX 10 and Illumina Genome Analyser IIx (GAIIx) 11 methods. The genome was sequenced to approximately 151-fold coverage (Supplementary Table 1 Table 6 ). Transposable elements occupy approximately 12.9% of the genome (Supplementary Table 7 ). The coral gene set is comparable in size and composition with those of Nematostella vectensis 9 and Hydra magnipapillata 12 (Supplementary Tables 6, 8 and  9 ). The genome browser is accessible at http://marinegenomics.oist.jp/ acropora_digitifera ( Supplementary Fig. 5 ). Approximately 93% of the A. digitifera genes have matches in other metazoans ( Supplementary  Fig. 6a) , and of these, 11% have clear homology only among expressed sequence tag (EST) data from corals 13 ( Supplementary Fig. 6b ), suggesting the presence of a considerable number of coral-specific genes.
Corals are morphologically very similar to sea anemones, but their evolutionary origins are obscure. Reef-building Scleractinia first appeared in the fossil record in the mid-Triassic (approximately 240 million years ago) 5 , but were already highly diversified, suggesting much earlier origins. The availability of fully sequenced genomes for three cnidarians-Acropora (the present study), Nematostella 9 and Hydra
12
-allowed the estimation of the depth of the divergence between corals and other metazoans. Molecular phylogenetic analyses based on an alignment of 94,200 amino acid positions suggest a divergence time of Acropora and Nematostella between 520 to ,490 million years ago (the late Cambrian or early Ordovician) (Fig. 1i) . The implied earlier origin of Scleractinia indicates that corals have persisted through previous periods of major environmental change, including the mass extinction event at the Permian/Triassic boundary, when global CO 2 and temperature were much higher than at present. However, whereas the Scleractinia as a lineage has persisted on evolutionary time scales, whether modern coral reefs can adapt to rapid environmental change on ecological time scales is a very different question.
The obligate endosymbiosis of corals dates at least from the midTriassic, and the longevity of this association might therefore be expected to have resulted in changes within the coral genome. We were unable to find any Symbiodinium DNA sequences in the coral genome, hence there is as yet no evidence for horizontal gene transfer from symbiont to host (Supplementary Fig. 6 ). However, comparative analyses indicated that, in the case of Acropora, the coral host might be metabolically dependent on the symbiont. Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database 14 , the metabolic repertoire of Acropora was compared to that of its non-symbiotic relative, the sea anemone Nematostella (Supplementary Table 10) , leading to the identification of an apparent metabolic deficiency in Acropora. The biosynthesis of cysteine from homocysteine and/or serine requires the activities of two enzymes, cystathionine b-synthase (Cbs) and cystathionase (cystathionine c-lyase; Cth) ( Table 1) . Whereas we were able to identify genes encoding the latter in both A. digitifera and Nematostella, the former could not be identified in Acropora despite a clear match being present in Nematostella (Supplementary Fig. 7 ). Although extensive transcriptomic data are available for various Acropora spp 13 , we could find no evidence for a Cbs transcript in any of these. Moreover, whereas a polymerase chain reaction (PCR) strategy confirmed the presence of Cbs in some other corals, Galaxea fascicularis, Favites chinenis, Favia lizardensis and Ctenactis echinata, no amplification products could be obtained for two different Acropora species (Table 1 and Supplementary Fig. 8 ). Although the analyses presented here do not rigorously exclude the presence of Cbs activity in Acropora, they raise the intriguing possibility of a metabolic basis for the obligate nature of symbiosis in Acropora; differences in dependency could potentially explain not only the phenomenon of symbiont selectivity, but also the high sensitivity of Acropora to environmental challenges.
Reef-building corals typically inhabit shallow and relatively clear tropical waters and are therefore constantly exposed to high levels of ultraviolet irradiation. As corals are particularly susceptible to bleaching when exposed to both raised temperatures and high solar radiation 2, 4 , one intriguing question is how corals protect themselves against ultraviolet damage. Photo-protective compounds, such as the mycosporine amino acids (MAAs), have been isolated from corals 15, 16 but, because similar compounds have been identified in algae, the sources of these compounds were unknown. Recently a short (fourstep) pathway encoded by a gene cluster (DHQS-like, O-MT, ATPgrasp and NRPS-like) ( Fig. 2 and Supplementary Figs 9-12 ) has been demonstrated to be both necessary and sufficient in the cyanobacterium Anabaena variabilis to convert pentose-phosphate metabolites to shinorine, a photo-protective MAA 17 . Scanning the available wholegenome data allowed us to identify clear homologues of all four members of the cyanobacterial shinorine gene cluster in both A. digitifera and N. vectensis (Fig. 2) , indicating that both the coral and the sea anemone have the ability to carry out de novo synthesis of ultravioletprotective compounds. Hence, MAA synthesis in corals and other cnidarians is not symbiont dependent. 
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Surveys of Acropora for genes associated with innate immunity 18 , apoptosis 19 and autophagy 19 indicate not only the complexity of these systems in Acropora (Supplementary Figs 13-23 ), but also that the coral innate immune repertoire is more sophisticated than that of Nematostella. For example, whereas a single canonical Toll/TLR protein is present in N. vectensis 18 , the Acropora genome encodes at least four such molecules, as well as five IL-1R-related proteins and a number of TIR-only proteins (Fig. 3) . Likewise, the Acropora repertoire of NACHT/NB-ARC domains, which are characteristic of primary intracellular pattern receptors 20 , is again highly complex: an order of magnitude more NACHT/NB-ARC domains are present in coral than in other animals (Supplementary Table 11 ), and some of these cnidarian proteins have novel domain structures ( Supplementary Fig. 23b ). In terms of the apparent expansion and divergence of NACHT-encoding genes, the coral resembles amphioxus 21 , the sea urchin 22 and angiosperms 23 . The greater complexity of the coral innate immunity network may in part reflect adaptations associated with the symbiotic state and coloniality.
The coral repertoire of genes with predicted roles in skeleton deposition is of particular interest given the likely impact of ocean acidification resulting from rising atmospheric CO 2 on coral calcification. Surveys of the Acropora genome for specific groups of proteins associated with calcification, including the eukaryotic-type carbonic anhydrases 24 are given in Supplementary Table 12 . In general, the soluble fraction of the organic matrix in scleractinian corals is very rich in acidic amino acids, and has a particularly high aspartic acid composition 25 . A number of candidate organic-matrix proteins were identified in Acropora (Supplementary Fig. 24 ). For several of these, orthologues could be identified in A. millepora and/or A. palmata but only one of these (Adi-SAP6) was found in other coral species (Supplementary Table 13 ). Galaxins, first purified from the coral Galaxea fascicularis, are unique to corals and are the only coral skeletal matrix protein for which the complete primary structure has been determined 26 . However, galaxin possesses neither acidic regions (the fraction of Asp1Asn in the galaxin is 9.7%) nor obvious Ca 21 -binding domains 26 . Four genes encoding galaxin-related proteins were identified in the A. digitifera genome (Supplementary Fig. 25 ), including two likely A. digitifera homologues of Gfa-galaxin.
Here we decoded the 420-Mbp genome of the reef-building coral Acropora digitifera, with the aim of providing a platform for understanding the molecular basis of symbiosis and responses to environmental change. Some of the main findings are: (1) a relatively deep divergence of the lineage leading to the reef-building corals; (2) although we could find no evidence for horizontal gene transfer from symbiont to coral despite the long evolutionary history of the association, Acropora may have lost a gene essential for cysteine biosynthesis and thus be metabolically dependent on its symbionts; (3) the coral host has the ability to independently carry out de novo synthesis of the MAA family of photoprotective compounds; (4) the innate immune repertoire of coral is highly complex in comparison with the non-symbiotic and solitary sea anemone Nematostella; and (5) a number of coral-specific gene families are likely to have evolved in the context of calcification. These data also provide a basis for systems biology approaches to understanding the establishment, function and collapse of coral symbioses. If and when a whole-genome sequence becomes available for the dinoflagellate symbiont of corals Symbiodinium sp. (zooxanthellae), these resources will together provide additional perspectives on the symbiosis and a powerful resource for understanding the response of the holobiont to environmental stresses such as raised seawater temperatures or ocean acidification.
METHODS SUMMARY
Sperm DNA obtained from a single colony of the coral Acropora digitifera was used for genome sequencing by Roche 454 GS-FLX 10 and Illumina Genome Analyser IIx (GAIIx) 11 . The 454 shotgun and paired-end reads were assembled de novo by GS De novo Assembler version 2.3 (Newbler, Roche) 10 , and subsequent scaffolding was performed by SOPRA 27 and SSPACE 28 using the Illumina mate-pair information. Transcriptome analysis was also performed. A set of gene model predictions (the A. digitifera Gene Model v. 1) was generated mainly by AUGUSTUS 29 , and a genome browser has been established using the Generic Genome Browser (GBrowser) 2.17. The annotation and identification of Acropora genes were performed by three approaches, individual methods or combinations of the methods: 
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reciprocal BLAST analyses, screening the gene models against the Pfam database 30 and phylogenetic analyses.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
